Introduction
Mucopolysaccharidosis type II (MPSII), or Hunter syndrome, is an X-linked recessive lysosomal storage disease (LSD) caused by deficiency of iduronate-2-sulfatase (IDS) (1, 2) . This enzyme is essential for the degradation of the glycosaminoglycans (GAGs), heparan and dermatan sulphate, and when nonfunctional or absent, the degradation of these compounds is compromised, leading to pathological accumulation (1) . Hunter syndrome has a worldwide incidence of 0.30-0.71 cases/100,000 live births (3) , and it is the most prevalent MPS disorder in Asia (4, 5) .
MPSII is a variable, progressive, and multisystemic disorder. Within a wide spectrum of clinical manifestations, MPSII is generally categorized in two main clinical forms based on age at onset, presence or absence of neurological involvement, and survival (1, 2) . The most severe form is the most frequent; it has an onset of between 18 months and 4 years of age (2, 6, 7) and is characterized by significant neurological involvement, manifested primarily as progressive cognitive deterioration (8) . Severely affected children also show coarse facial features, skeletal deformities that affect mobility, recurrent respiratory infections, cardiac failure, and hepatosplenomegaly and die from a combination of neurological deterioration and cardiorespiratory failure in the mid-teenage years (1, 2).
Until recently, there were no specific approved therapies for MPSII. Therapeutic options rely on the Mucopolysaccharidosis type II (MPSII) is an X-linked lysosomal storage disease characterized by severe neurologic and somatic disease caused by deficiency of iduronate-2-sulfatase (IDS), an enzyme that catabolizes the glycosaminoglycans heparan and dermatan sulphate. Intravenous enzyme replacement therapy (ERT) currently constitutes the only approved therapeutic option for MPSII. However, the inability of recombinant IDS to efficiently cross the blood-brain barrier (BBB) limits ERT efficacy in treating neurological symptoms. Here, we report a gene therapy approach for MPSII through direct delivery of vectors to the CNS. Through a minimally invasive procedure, we administered adeno-associated virus vectors encoding IDS (AAV9-Ids) to the cerebrospinal fluid of MPSII mice with already established disease. Treated mice showed a significant increase in IDS activity throughout the encephalon, with full resolution of lysosomal storage lesions, reversal of lysosomal dysfunction, normalization of brain transcriptomic signature, and disappearance of neuroinflammation. Moreover, our vector also transduced the liver, providing a peripheral source of therapeutic protein that corrected storage pathology in visceral organs, with evidence of cross-correction of nontransduced organs by circulating enzyme. Importantly, AAV9-Ids-treated MPSII mice showed normalization of behavioral deficits and considerably prolonged survival. These results provide a strong proof of concept for the clinical translation of our approach for the treatment of Hunter syndrome patients with cognitive impairment.
principle of cross-correction, by which cells can uptake mannose-6-phosphate-tagged (M6P-tagged) soluble lysosomal enzymes from the extracellular compartment via M6P receptors located on the plasma membrane and target them to their lysosomes (9) . Hematopoietic stem cell transplantation (HSCT) has proved efficient in the treatment of other forms of MPS (10) (11) (12) . The degree of success in MPSII patients has, however, been very variable (13) (14) (15) (16) . The high morbidity and mortality associated with HSCT and the lack of clear evidence supporting neurocognitive benefits have limited its use in Hunter syndrome patients (17, 18) . Since FDA approval, enzyme replacement therapy (ERT) with idursulfase (ELAPRASE, Shire Pharmaceuticals) has been indicated for treatment of MPSII. Some improvement in indicators of somatic disease has been demonstrated by weekly i.v. infusions of ELAPRASE (19, 20) . Major drawbacks of the therapy are (a) potential development of serious anaphylactic reactions up to 24 hours after infusion (19, 20) ; (b) high incidence of development of anti-IDS antibodies (up to 50% of treated patients), which might limit long-term product efficacy (19) (20) (21) ; and (c) the inability of recombinant IDS to cross the brood-brain barrier (BBB) and reach the CNS following i.v. delivery, limiting the potential applicability to treat neurological symptoms. A recent study has evaluated the delivery of IDS to the cerebrospinal fluid (CSF) of cognitively impaired Hunter syndrome patients via an indwelling intrathecal drug delivery device (IDDD) (NCT00920647, https://clinicaltrials.gov/). Reductions of 80%-90% in CSF GAG levels were reported after 6 months of treatment (22) . However, more than 85% of reported serious adverse events were related to the IDDD, which required surgical revision/removal in half the patients (22) . Recent advances in the field of in vivo gene transfer with adeno-associated virus (AAV) vectors have highlighted the therapeutic potential of this approach, resulting in a therapeutic paradigm that will likely revolutionize the standard of care of inherited diseases. Gene therapy with AAV-derived vectors offers the possibility of lifelong therapeutic benefit following single administrations of gene transfer vectors. Recombinant AAVs stand out for their high transduction efficiency, lack of pathogenicity, and excellent safety record in clinical studies (23) (24) (25) (26) (27) (28) . AAVs are nonintegrative vectors that persist for years in the nucleus of nondividing cells, predominantly in episomal form (29, 30) . Studies in large animal models (24, 27, 31, 32) , as well as clinical studies in subjects treated with AAVs (25, 26, 28, (32) (33) (34) (35) (36) (37) , have provided strong evidence of long-term expression for a variety of therapeutic transgenes. Thus, gene therapy can realistically provide a safe alternative to ERT, in particular for diseases such as MPSII, in which the main target organ is the brain, an organ that is difficult to access.
Through delivery of AAV vectors to the CSF, widespread CNS transduction can be achieved with surgical procedures that are common practice in pediatric neurosurgery (38) . AAV serotype 9 (AAV9) has unique properties in this regard; not only does AAV9 distribute in much larger areas of the CNS after intra-CSF administration compared with other serotypes, but it also reaches the circulation and transduces the liver, providing a peripheral source of therapeutic protein (38) (39) (40) . We and others have previously demonstrated that intra-CSF delivery of AAV9 vectors is feasible and safe in large animal models, such as dogs and nonhuman primates (38) (39) (40) (41) (42) . We were also the first to report full disease correction in an animal model of LSD with severe neurologic involvement using this approach (38) . However, success in treating one condition does not guarantee therapeutic efficacy of the approach in all other forms of LSD that affect the CNS and peripheral tissues, even if they share common physiopathological mechanisms and similar clinical manifestations.
Here, we describe a therapeutic option for MPSII based on CNS-directed AAV9-mediated gene therapy. Our work provides strong evidence supporting the clinical development of the approach for the treatment of Hunter syndrome patients with cognitive impairment.
Results
MPSII mice mimic Hunter pathology at 2 months of age. The MPSII mouse model used in this work was obtained by targeted disruption of exons 2-5 of the murine Ids gene. There was no phenotypic description available for this animal model, so we first set out to characterize the effects of Ids deletion on brain and somatic organs of 2-month-old MPSII males. As expected, IDS activity was almost undetectable throughout the encephalon (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/jci.insight.86696DS1); the low levels of activity (<0.8%) measured in knockout animals corresponded to background signal of the assay (43) . Due to IDS deficiency, all areas of the encephalon presented increased GAG content, which ranged from 121% to 150% of WT values (Supplemental Figure 1B) . At a histological level, the pathological accumulation of GAGs translated into an increase in the number and/or size of lysosomes in different areas of the encephalon (Supplemental Figure 1C) , as indicated by immunostaining of tissue sections for lysosomal-associated membrane protein 2 (LAMP2).
A common observation in LSD is the change in activity of lysosomal enzymes different from the one affected by the mutation (44) (45) (46) . Therefore, the activities of N-sulphoglucosamine sulphohydrolase (SGSH), heparan-α-glucosaminide N-acetyltransferase (HGSNAT), galactosamine (N-acetyl)-6-sulfatase (GALNS), and β-hexosaminidase (β-HEXO) were measured in brain extracts. In most cases, enzymatic activities were significantly altered; while HGSNAT and β-HEXO showed increased activity, the activities of SGSH and GALNS were reduced (Supplemental Figure 1D) . MPSII, like many other LSD with CNS involvement, is characterized by the presence of neuroinflammation, defined by chronic activation of glial cells (47, 48) . Immunostaining for glial fibrillary acidic protein (GFAP), a protein upregulated upon astrocytic activation (49) , and staining with Bandeiraea simplicifolia isolectin B4 (BSI-B4) lectin, which labels microglia (50) , revealed the presence of astrocytosis (Supplemental Figure 2A ) and microgliosis (Supplemental Figure 2B ) in the encephalon of 2-month-old MPSII mice.
At a somatic level, IDS activity was almost undetectable in liver and serum (Supplemental Figure 3A) , resulting in pathological GAG accumulation in several somatic tissues (Supplemental Figure 3B) . The most noticeable increase was observed in the liver, in which GAG content reached almost 10-fold higher levels than that in WT littermates. Hepatomegaly is a common finding in Hunter syndrome patients (1, 2, 51), therefore we examined livers for their weights. We found that excessive GAG storage resulted in a slight increase in liver weight in MPSII mice (Supplemental Figure 3C ). In addition, the expansion of the lysosomal compartment was easily detectable in different somatic tissues through LAMP1 staining (Supplemental Figure 3D) . Similar to brain, the activity of several lysosomal enzymes was altered in liver extracts; in the case of liver, however, the activities of α-L-iduronidase (IDUA), α-N-acetylglucosaminidase (NAGLU), and β-glucuronidase (GUSB) were also considerably affected (Supplemental Figure 3E) .
Altogether, these results show that, in this animal model of MPSII disease, pathology is well established at the age of 2 months and resembles human Hunter syndrome.
Intra-CSF delivery of AAV9 vectors to restore IDS activity in CNS.
To test the efficacy of intra-CSF delivery of IDS-encoding vectors in treating MPSII disease, AAV9 vectors containing the murine Ids coding sequence under the control of the CAG ubiquitous promoter (AAV9-Ids) were generated. Vectors were administered to the CSF of 2-month-old MPSII males through intracisternal injection at a dose of 5 × 10 vg. Untreated age-matched MPSII mice or those administered with the same dose of a noncoding vector (AAV9-Null) and WT littermates were used as controls. Four months after vector administration (i.e., at 6 months of age), animals were sacrificed and tissues were harvested and processed. While IDS activity remained undetectable in untreated or null-injected MPSII mice, intra-CSF delivery of AAV9-Ids to MPSII mice resulted in restoration of IDS activity in all regions of the encephalon analyzed (sections I-V, Figure  1A ), reaching levels of approximately 40% of healthy WT mice. This observation was consistent with the biodistribution of AAV9-Ids vector genomes and the profile of vector-derived IDS expression documented in the encephalon, which confirmed that after intra-CSF delivery vectors spread throughout the CNS (Supplemental Figure 4 , A and B). Colocalization studies using specific cell markers on brain sections from MPSII mice injected in the CSF with AAV9 vectors encoding for the reporter GFP (AAV9-GFP) confirmed our previous observations that the majority of transduced cells were neurons, with much less frequent transduction of astrocytes and no transgene detection in microglia (Supplemental Figure 5) .
As a consequence of increased IDS activity, GAG content was completely normalized in all areas of the encephalon in AAV9-Ids-treated animals ( Figure 1B ). Null-injected MPSII mice showed, however, the same degree of GAG accumulation as untreated MPSII mice ( Figure 1B ). In agreement with full correction of storage disease, different parts of the encephalon showed equivalent LAMP2+ signal intensity in AAV9-Ids-treated MPSII mice and healthy counterparts ( Figure 2) . Moreover, the effect of the treatment on lysosomal distension remained stable 8 months after AAV9-Ids delivery (Supplemental Figure 6 ).
We and others have shown that in animal models of MPSIII disease the heaviest burden of GAG storage in the cerebral cortex is borne by microglial cells (38, 40, 52, 53) . By transmission electron microscopy, cells of this type with a cytoplasm full of large electrolucent vacuoles loaded with material -which likely correspond to lysosomes full of undegraded GAGs -can be observed juxtaposed by cortical neurons that have hardly any signs of pathological storage (38, 40, 54, 55) . The ultrastructural analysis of the cortex of null-injected 6-month-old MPSII males revealed the same finding ( Figure 3A ). In contrast, in the cortex of MPSII mice treated with AAV9-Ids, perineuronal glial cells had an appearance similar to that of WT perineuronal glial cells, with no discernible storage vesicles in their cytoplasm ( Figure 3A ), suggesting complete clearance of accumulated GAGs.
The efficacy of AAV9-Ids treatment was further confirmed by analyzing several lysosomal hydrolases in brain extracts. Untreated and null-injected MPSII mice showed significant increases in HGSNAT and β-HEXO activity at 6 months of age, whereas SGSH and GALNS activity was reduced. Four months after AAV9-Ids delivery, the activity of all these hydrolases was completely normalized in brains of treated MPSII males ( Figure 3B ).
Intra-CSF gene therapy corrects neuroinflammation. At 6 months of age, the encephalon of untreated and null-injected MPSII mice showed intense GFAP signal in all regions analyzed, demonstrating marked activation of astrocytes ( Figure 4A ). GFAP upregulation was absent from the encephalon of mice treated with AAV9-Ids, with detection of scarce, weakly positive astrocytes ( Figure 4 ). The quantification of signal intensity clearly demonstrated upregulation of GFAP in MPSII mice injected with nontherapeutic vectors, and reversion was mediated by AAV9-Ids treatment. A similar observation was made following labeling with BSI-B4, a lectin that, under our staining protocol, preferentially labels activated microglia (38, 40, 50, 52, 54) . All the encephalon regions analyzed in untreated and null-injected MPSII mice showed a considerable number of vacuolated cells strongly positive for BSI-B4 ( Figure 5 ). Four months after vector delivery, BSI-B4 signal had disappeared from the encephalon of AAV9-Ids-treated MPSII mice ( Figure 5) . Furthermore, at 10 months of age, the impact of AAV9-Ids treatment on neuroinflammation, evaluated through both markers, was sustained (Supplemental Figure 7, A and B) . Altogether, these results indicate that intra-CSF administration of AAV9-Ids in animals with established disease can lead to full and long-term eradication of neuroinflammation.
Recovery of brain transcriptional signature following intra-CSF AAV9-Ids gene therapy.
In a previous study we demonstrated correspondence between CNS therapeutic efficacy and normalization of the transcriptomic profile following CNS-directed gene therapy (40) . When RNA isolated from the encephalon of WT, AAV9-Ids-, or null-treated MPSII mice was analyzed using the Affymetrix microarray platform, 90 genes were found to be differentially expressed among the 3 groups after data processing. The complete list of genes and their fold change with respect to WT is provided in Supplemental Table 1 . Four months after vector administration, MPSII mice treated with AAV9-Ids showed an expression profile in the CNS that resembled that of healthy littermates ( Figure 6A ). Almost 80% of the genes differentially expressed in untreated MPSII mice showed a correction in their transcript levels of at least 50% following AAV9-Ids treatment, and in 60% of them, the correction was of 75%. Functional analysis of the differentially expressed genes showed a clear enrichment in biological processes associated with inflammation and innate immunity ( Figure 6B ), likely owing to an increased presence of immune cells involved in these processes, such as microglia, in the CNS of untreated MPSII animals. To confirm this hypothesis, we used cell-type enrichment (CTEN) analysis to assess the contribution of different cell types to the observed changes in transcript levels. A clear enrichment score (21.99) was obtained for the microglial population. Moreover, the expression of genes assigned to microglia by CTEN was clearly normalized following treatment with AAV-Ids ( Figure 6C ). These results are in agreement with our previous observations in MPSIIIB mice (40) and support the established notion that microglia plays a key role in CNS pathology in all forms of MPS (47, 48, 53, 56, 57) . Moreover, our results demonstrate the efficacy of intra-CSF delivery of AAV9-Ids in eradicating neuroinflammation.
Effects of intra-CSF gene therapy on somatic pathology. The delivery of AAV9 vectors to the CSF resulted in passage of vector to circulation and transduction of peripheral organs, mainly the liver (Supplemental Figure 4) . Four months following intra-CSF administration of AAV9-Ids to 2-month-old MPSII males, IDS activity was noticeably increased in liver ( Figure 7A ) and serum (755.9 ± 696.5, n = 5/group). IDS activity was also increased in lung ( Figure 7B ) and was particularly high in heart ( Figure 7C) , two organs in which the vector genome copy number/diploid genome was very low (0.0039 ± 0.0004 and 0.0061 ± 0.0004 for lung and heart, respectively, n = 5/group). Transgene expression was absent (Supplemental Figure 4B) , indicating lack of efficient transduction of these organs following intra-CSF AAV9 delivery at the doses used in this study. This finding suggested cross-correction of IDS deficiency by uptake of IDS from circulation. The circulating levels of IDS were sufficient to greatly reduce and, in the cases of liver, spleen, heart, lung, testis, adipose tissue, and skeletal muscle completely correct pathological GAG storage in treated MPSII mice ( Figure 7D ). Consistent with normalization of GAG content, liver weight was normalized in MPSII mice receiving AAV9-Ids vectors ( Figure 7E ), and immunohistochemistry for LAMP1 revealed a marked reduction in the size of the lysosomal compartment in peripheral organs of MPSII+AAV9-Ids-treated mice ( Figure 7F ).
Ultrastructural analysis of several somatic tissues at 6 months of age confirmed the efficacy of intra-CSF delivery of AAV9-Ids in treating somatic pathology. A large number of electrolucent vacuoles were visible within hepatocytes of null-injected MPSII mice ( Figure 8A ). These storage vesicles [14] [15] [16] [17] [18] [19] [20] [21] [22] in (E). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. MPSII+AAV9-Null (Dunnett's test). In B and C, the WT group was excluded from the ANOVA analysis.
probably accumulated undegraded heparan and dermatan sulphate as well as other compounds (58) . Larger and more distended storage vesicles were observed in the cytoplasm of Kupffer cells, in ciliated cells of the pulmonary bronchus, and in macrophage-like cells located around blood vessels of the myocardium or interspersed between cardiomyocytes ( Figure 8A ). In contrast, the cells of the liver, lung, and heart of MPSII mice treated with AAV9-Ids had no storage lesions ( Figure 8A ) and presented an aspect very similar to that observed in healthy WT animals ( Figure 8A ).
Similar to the observations made in brain, the activity of several lysosomal hydrolases was altered in the liver of untreated 6-month-old MPSII mice. This lysosomal dysfunction was completely corrected Representative images of the ultrastructural analysis of the hepatocytes and Kupffer cells of the liver, lung, and heart performed by transmission electron microscopy 4 months after intra-CSF delivery of vectors. MPSII+AAV9-Null, mucopolysaccharidosis type II (MSPII) mice receiving null vector; MSPII+AAV9-Ids, MPSII mice treated with therapeutic vector. Treated mice showed an evident reduction in the size and number of intracytoplasmic electrolucent vacuoles (red arrows) in all different tissues analyzed. CM, cardiac myocyte; V, blood vessel; M, macrophage-like cell. n = 3. Scale bar: 5 μm for hepatocytes and Kupffer cells; 2 μm for lung; 10 μm for heart. (B) Four months after gene transfer, the activity of a set of lysosomal enzymes other than IDS was analyzed. WT activity was set to 100% in all cases. Intra-CSF treatment with AAV9-Ids vectors restored the activities of α-L-iduronidase (IDUA), α-N-acetylglucosaminidase (NAGLU), heparan-α-glucosaminide N-acetyltransferase (HGSNAT), galactosamine (N-acetyl)-6-sulfatase (GALNS), β-glucuronidase (GUSB), and β-hexosaminidase (β-HEXO) in the liver. (C) Intra-CSF AAV9-Ids administration also resulted in correction of β-HEXO activity in serum. Data are shown as mean ± SEM of 4-5 animals/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. MPSII+AAV9-Null (Dunnett's test).
Downloaded from http://insight.jci.org on March 29, 2018 . https://doi.org/10.1172/jci.insight.86696 following intra-CSF delivery of AAV9-Ids vectors to MPSII mice ( Figure 8B ) at an age at which lysosomal pathology is already present (Supplemental Figure  3E) , providing further evidence of the restoration of lysosomal homeostasis in the liver of treated animals. Furthermore, serum β-HEXO activity also increased as a consequence of lysosomal pathology, and it was completely normalized following AAV9-Ids treatment ( Figure 8C ), providing evidence of whole-body correction of lysosomal functionality.
Intra-CSF gene therapy corrects behavioral alterations and prolongs survival of MPSII mice.
We used the open-field test, which assesses the general locomotor and exploratory activity of mice in unknown surroundings (59) , to evaluate the functional impact of the treatment. The study was performed at 6 months of age, and all animals were naive to the test. Untreated and null-injected MPSII mice displayed reduced locomotor and exploratory activity when compared with age-matched WT animals, as evidenced by the reduced number of entries in the center of the arena, reduced crossing of demarcated lines between the different areas, and reduced total movements ( Figure 9A ). Untreated animals also showed anxiety-related behavior, as they took longer to enter the center of the arena for the first time and spent less time in the center region and more time in the periphery ( Figure 9A ). Intra-CSF delivery of AAV9-Ids vectors completely corrected these behavioral deficits ( Figure 9A ); there were no statistical differences in any of the parameters analyzed between WT and treated MPSII mice. Finally, intra-CSF gene therapy considerably extended the life span of MPSII mice ( Figure 9B ). At 17 months of age, all untreated or null-vector treated MPSII mice were dead, while 76% of MPSII mice receiving AAV9-Ids treatment were alive. Moreover, 65% of treated animals were still alive at 22 months of age. The percentage of WT animals alive at this age was 79%. Taking into account that MPSII mice already had established disease at the age of treatment, the observation of functional correction in treated animals suggests that it is possible, at least to some extent, to revert the effects of the disease.
Discussion
The treatment of the neurodegenerative disease that characterizes the most severe and frequent form of MPSII represents a highly unmet medical need and a therapeutic challenge. With the advent of ERT came the possibility of correcting IDS deficiency through administration of recombinant enzyme. However, delivery of proteins to the CNS has challenges and shortcomings. In a recent phase I/II clinical trial, monthly intrathecal ERT resulted in drastic and likely clinically meaningful reductions in CSF GAGs, but half of the patients involved in the study required surgical intervention due to problems with the device implanted to provide the enzyme, which included device dislocation, breakage, or malfunction or implant site infection (22) . On the other hand, although BMT offers therapeutic benefit to patients affected by other forms of MPS, such as MPSI, it does not improve the neurological outcome of MPSII in patients with severe phenotype (14) (15) (16) . Here, we report CNS-directed gene therapy developed for the treatment of the severe phenotype of MPSII and provide evidence of the therapeutic efficacy of the approach to treat not only neurologic but also somatic pathology in animals with already established disease.
Previous attempts to treat neurologic MPSII with AAV tested systemic vector delivery to achieve supraphysiological concentrations of circulating IDS (60, 61) . This strategy was based on earlier work with ERT for different forms of LSD that suggested that when high levels of enzyme are present in the bloodstream, a portion of the protein manages to cross the BBB (62, 63). Cardone et al. combined the capsid of AAV8 -a serotype with high tropism for hepatocytes (64) -and the thyroxin-binding globulin (TBG) promoter to direct the expression of IDS specifically to liver. Following i.v. administration of 4 × 10 12 vg/kg of recombinant AAV8-TBG-IDS vector to adult MPSII mice, plasma concentrations of IDS were 16-to 70-fold higher than in WT, and complete correction of somatic disease was achieved (61) . However, efficacy in the brain was limited, with only partial reduction of GAGs observed in this organ, likely due to the fractional amount of IDS that crossed the BBB despite the high concentration of circulating enzyme. We made similar observations in the MPSIIIA mouse model when we directed expression of sulfamidase to the liver (54) . Later, the same group tested the i.v. administration of AAV5 vectors to newborn (P2) MPSII mice; IDS expression from this vector was driven by the strong viral promoter CMV (65) . Although in this case, the levels of circulating and brain IDS were much lower than those observed in their previous work, reaching only 1% to 2% of WT IDS activity in the brain, and the impact on neurological disease seemed to be greater (60) , likely due to the treatment of animals at an age at which the disease had barely manifested. It is worth noticing that this therapeutic effect was obtained using very high vector doses (5 × 10 13 vg/kg, considering an average weight of 2 g for a P2 mouse). Using a dose 25-fold lower (5 × 10 10 vg/mouse or 2 × 10 12 vg/kg) delivered directly to the CNS, we achieved levels of IDS activity in the brain of adult mice that were approximately 40% of WT levels as well as supraphysiological levels of enzyme in the liver and circulation that allowed wholebody disease correction. Using the lowest possible therapeutic dose is always desirable in gene therapy with AAV vectors, not only because capsid-directed immune responses are dose dependent (28, 66) , but also because producing such high doses of GMP-quality vectors suitable for human administration represents a manufacturing challenge.
The IDS-deficient mouse model used in the present study had not been phenotypically characterized before, so we analyzed markers of lysosomal pathology in 2-month-old animals. Treatment was planned at this age in order to mimic the situation of a child in whom diagnoses arrives after a few years of life. In brain, there was a clear accumulation of GAGs with distension of the lysosomal compartment and secondary alteration of the activity of several lysosomal hydrolases. A general increase in lysosomal activity is a common observation in many LSDs (41, 40, 67) and is mediated through transcriptional activation by transcription factor EB (TFEB) -a master regulator of lysosomal biogenesis and function (44) -in response to the accumulation of undegraded substrates (40) . Noticeably, in our mice, while the activity of other enzymes was increased, the activity of SGSH and GALNS was inhibited. This behavior is different to what we had previously observed for SGSH in the brain of mice affected by MPSIIIB (40) . It has been noted, however, that pathological accumulation of substrates can inhibit certain lysosomal enzymes. For example, in vitro experiments have shown that heparan sulphate can inhibit GALNS (46), a finding that would explain the reduction in GALNS activity observed in the present study and the presence of keratan sulphate -a substrate of GALNS -in the sera of patients affected by several forms of mucopolysaccharidoses (45) . Similarly, SGSH could be inhibited by other compounds. Therefore, the final profile of activity of lysosomal hydrolases seems to be a balance between the effects of TFEB activation and the inhibitions mediated by specific compounds. When MPSII mice were analyzed at 6 months of age, i.e., 4 months after administration of AAV9-Ids vectors, the content of GAGs, the general and ultrastructural aspect, and the size and function of brain lysosomes were all corrected in treated animals, but these had worsened in nontreated MPSII animals or those receiving noncoding AAV9-Null vectors. Two-month-old untreated MPSII mice also showed pronounced astrocytosis and microgliosis throughout the brain, a hallmark finding in different animal models of mucopolysaccharidoses that present with neurodegeneration (38, 40, 52, 54, (68) (69) (70) and in Hunter syndrome patients (47, 48) . The effects of AAV9-mediated IDS gene transfer on the transcriptional signature and histological findings associated with microglial activation in 6-month old animals were quite striking and were in agreement with our previous observations in MPSIIIB mice (40) . Several lines of evidence underscore the role played by the secondary activation of microglial/astroglial cells on the etiopathology of neurological dysfunction in LSD (47, 48, 53, 56, 57, 71, 72) . The normalization of the markers of neuroinflammation that appear secondary to IDS deficiency provides further evidence of the resolution of storage disease achieved through intra-CSF delivery of AAV9-Ids. Furthermore, the inhibitory effects on neuroinflammation persisted 8 months after gene therapy, providing evidence of long-term therapeutic efficacy after a single dosing with the treatment.
In 2-month-old untreated MPSII mice there was clear evidence of lysosomal pathology in all the somatic organs analyzed, including liver, heart, lung, and spleen. The accumulation of undegraded GAGs was particularly noticeable in liver, which presented increased weight, and a clear deregulation of the activity of lysosomal hydrolases. Similar to the observations made in the CNS, all of these pathological changes were corrected 4 months after the intra-CSF delivery of IDS-encoding AAV9. Moreover, the analysis of lysosomal distention 8 months after delivery of AAV9-Ids vectors showed that the effects of the therapy persist long-term after a single treatment administration. Further evidence of the improvement in the health condition of AAV9-Ids-treated mice was provided by the open-field test, in which treated MPSII mice showed less anxiety and better locomotor performance, and by the evident extension of the life span of treated animals when compared with animals that did not receive the therapeutic vector.
We chose to treat 2-month-old animals and demonstrated established MPSII disease at this age. Given that most of the pathological changes associated with the alteration of the lysosomal system were already present at treatment, our results demonstrate that CNS-directed AAV9-mediated IDS gene transfer can reverse established MPSII pathology, at least to some extent. MPSII is, however, a progressive neurodegenerative disease, and there probably is a therapeutic period of opportunity, after which full reversal of disease will be hard to achieve.
We have previously performed extensive biodistribution studies in mice and dogs and determined that when AAV9 vectors are delivered to the CSF at the range of doses used in the present study, vector genomes and transgene expression are found throughout the CNS and peripheral nervous system (38, 40) . Of particular relevance are the results obtained in the dog, an animal with a brain size closer to that of the target pediatric population. In these studies, the encephalon of 7 dogs was sampled in at least 30 fractions, covering the whole-organ volume. Vector genomes and transgene expression were detected in frontal, parietal, temporal and occipital cortexes, olfactory tract, striatum, hippocampus, piriform lobe, diencephalon, mesencephalon, pons, medulla oblongata, vermis, and cerebellum (38) . Moreover, vectors were detected in all portions of the spinal cord up to the cauda equina and were present at relatively high copy numbers in trigeminal and cervical, thoracic, and lumbar dorsal root ganglia (38) . Regarding cellular tropism, colocalization studies demonstrated that, in both mice and dogs, AAV9 vectors delivered to the CSF transduced primarily neurons, with scarce transduction of astrocytes and no transduction of microglia (38, 40) . Efficient transduction of ependymocytes and leptomeninges was also observed (38) . Importantly, we demonstrated in dogs that intra-CSF AAV9 administration results in high and sustained levels (>41 months with observation ongoing) of lysosomal enzymes in CSF (38, 40) . As mentioned before, ERT studies have demonstrated that intra-CSF delivery of enzyme results in substantial and potentially meaningful reductions in GAGs in MPSII patients (22) . In somatic organs, the vector was primarily found in liver, with low copy numbers detected in other tissues (38, 40) . The present study confirmed the same pattern of AAV9 vector biodistribution and tropism after CSF delivery to MPSII mice, with preferential transduction of neurons, spread of vectors throughout the CNS, and transduction of the liver. There is considerable variability in the literature regarding the main CNS cell type targeted by AAV9. Several factors have been held accountable for the differences observed, including the route of delivery (73, 74) , the age at administration (75) , the animal species (73, (76) (77) (78) , the doses used, the promoter included in the expression cassette (74, 79) , and even the single-or double-stranded nature of the AAV (80) . Alternatively, the quality of vector preparations could play an important role in determining vector tropism (81) . We used a second-generation optimized CsCl protocol that results in markedly higher vector purity -comparable to GMP batchesincluding dramatic reductions in the number of empty capsids (82) . Better transduction efficiency has been demonstrated for several AAV serotypes purified under this protocol, in multiple tissues and species (82) . In contrast to diseases in which it is critical to transduce a particular cell type, such as motoneurons in spinal muscular atrophy, LSDs in which the mutated gene encodes for a secreted lysosomal protein benefit from the possibility of cross-correction. We provide strong evidence supporting the occurrence of cross-correction through IDS present in CSF, sera, or enzymes secreted by cells neighboring nontransduced cells. First, the huge load of storage vesicles visible in the cytoplasm of cortical perineuronal glial cells was completely cleared from MPSII mice treated with AAV9-Ids. As this cell type, typically recognized by microglial markers, is not transduced by AAV9, this observation suggests that the enzymatic deficiency in these cells was corrected through uptake of extracellular enzyme. Second, despite the fact that the liver is the only peripheral organ that it is efficiently transduced through this approach (38) (39) (40) , the content of GAGs was normalized or greatly reduced in all somatic organs analyzed, suggesting efficient uptake of circulating enzyme and its appropriate trafficking to lysosomes. The detection of increased levels of IDS activity in the heart and lung of AAV9-Ids-treated MPSII mice, two organs poorly transduced after intra-CSF delivery of AAV9 vectors at the doses used in this study, supports this notion.
In summary, this work provides evidence of simultaneous and long-term correction of neurological and systemic MPSII disease by CNS-directed gene therapy. Proof of efficacy was obtained through biochemical, histological, ultrastructural, and functional analysis. Furthermore, as animals had established disease at treatment, our results demonstrate that the tissue damage caused by excessive accumulation of undegraded heparan and dermatan sulphate is, to some extent, reversible. The data provided here support the clinical development of this approach for the treatment of boys with MPSII with somatic disease and any degree of CNS involvement.
Methods
Animals. IDS-deficient mice (129/SvEv-C57BL/6 genetic background) were purchased from Taconic (TF1838). Affected MPSII mice and healthy littermates were bred from unaffected males and heterozygous females. Genotyping was performed by PCR with primers: Fw1: 5′-TTTTGTGTACTCCAACCCCG-3′; RvWt1: 5′-TGTCTCCATAACAGCCCAGG-3′; RvKO2: 5′-GCCCTCACATTGCCAAAAGA-3′. Mice were fed ad libitum with standard diet (Harlan-Teklad) and were maintained on 12-hour-light/dark cycles.
AAV vector production and administration. AAV vectors were generated by cloning the optimized (GeneArt) version of murine Ids (NM_010498.3, http://www.ncbi.nlm.nih.gov) or GFP cDNA under the control of the ubiquitous hybrid promoter CAG (CMV enhancer, chicken β-actin promoter, chicken β-actin intron) into AAV backbone plasmids. AAV9 vectors were produced by triple transfection of HEK293 cells (provided by Katherine High, Children's Hospital of Philadelphia, Philadelphia, Pennsylvania, USA) followed by an optimized cesium chloride gradient-based purification that renders vector batches of high purity (82) . Vectors were titered by qPCR. Intracisternal administration of vectors was performed as previously described (38, 83) . Briefly, the skin of the posterior part of the head of anesthetized mice was shaven, a 2-mm rostro-caudal incision was made, and a Hamilton syringe was introduced between the occiput and C1-vertebra (83) to deliver 5 μl of vector into the cisterna magna. All mice were dosed with the same number of vector genomes (vg).
Sample collection. At sacrifice, mice were anesthetized by intraperitoneal injection of ketamine (100 mg/ kg) and xylazine (10 mg/kg). Blood was extracted by cardiac puncture, and subsequently animals were transcardially perfused with 12 ml of PBS to remove all traces of circulating IDS. The entire encephalon and multiple somatic tissues were collected and either snap frozen and stored at -80°C or immersed in formalin for subsequent histological analysis.
Activity of lysosomal enzymes. Liver, brain, heart, and lung samples were sonicated in Milli-Q water (Millipore), and protein extracts were obtained. IDS activity was determined as previously described (84) . Briefly, 15 μg protein or 2 μl serum was first incubated with 4-methylumbelliferyl-α-L-iduronide-2-sulfate. Na 2 (4-MU-αIdoA-2S, Moscerdam) for 4 hours at 37°C. A second incubation step was performed for 24 hours at 37°C after addition of PiCi-buffer (0.2 M Na 2 HPO 4 /0.1 M citric acid buffer, pH = 4.5, + 0.02% (w/v) Na-azide) and LEBT (lysosomal enzymes purified from bovine testis) solution. The activities of IDUA, SGSH, NAGLU, GUSB, and β-HEXO were determined using 4-methylumbelliferone-derived fluoregenic substrates as previously described (38, 40) . HGSNAT activity was determined on 30 μg of protein incubated with acetyl-coenzyme A and 4-methylumbelliferyl-β-D-glucosaminide (MU-βGlcNH 2 , Moscerdam) for 17 hours at 37°C (85) . GALNS activity was assayed by a 2-step protocol, with a 17-hour incubation step at 37°C in which 10 μg protein was mixed with 4-methylumbelliferyl β-D-galactopyranoside-6-sulphate sodium salt (MU-βGal-6S, Toronto Research Chemical). The second step followed after addition of Pi-buffer (0.9 M Na 2 HPO 4 /0.9 M NaH 2 PO 4 buffer, pH = 4.3, + 0.02%(w/v) Na-azide) and β-galactosidase (Sigma-Aldrich) and incubation of the mix for 2 hours at 37°C (86). After stopping reactions by increasing the pH, released fluorescence was measured with a FLx800 fluorimeter (BioTek Instruments). Brain, liver, heart, and lung activity were normalized against total amount of protein, quantified by Bradford assay (Bio-Rad). Serum activity was normalized by volume.
GAG quantification. Tissues were weighed and digested with proteinase K, and extracts were clarified by centrifugation and filtration (Ultrafree MC, Millipore). GAG levels were determined with Blyscan Glycosaminoglycan Assay (Biocolor) using chondroitin 4-sulphate as standard. Results were normalized to wet tissue weight.
Histology and electron microscopy. Tissues were fixed for 12 to 24 hours in formalin, embedded in paraffin, and sectioned. For immunohistochemical detection of LAMP2, paraffin sections were subjected to heat-induced epitope retrieval in citrate buffer, pH = 6, and then incubated overnight at 4°C with rat anti-LAMP2 (ab13524; Abcam) and subsequently incubated with biotinylated rabbit anti-rat antibody (E0467, Dako). LAMP1, GFAP, BSI-B4, GFP, neuronal nuclei (NeuN), and ionized calcium-binding adapter molecule 1 (Iba1) stainings were performed as previously (38, 40) . LAMP2, LAMP1, GFAP, and BSI-B4 signals were amplified by incubating sections with ABC-Peroxidase (Thermo Scientific) and visualized using 3,3-diaminobenzidine (Sigma-Aldrich). Hoechst (B2261, Sigma-Aldrich) was used to counterstain nuclei for fluorescent images. Bright-field images were obtained with an Eclipse 90i microscope (Nikon), and fluorescent images were obtained with a confocal microscope (Leyca Microsystems). NIS Elements Advanced Research 2.20 software was used to quantify signal intensity in four ×20 images/ brain region/animal, using identical threshold settings for all animals. The percentage of positive area was calculated, i.e., the area, in pixels, with a positive signal over the total tissue area in the image. Samples for transmission electron microscopy were processed as previously described (54) and analyzed with a Hitachi H-7000 microscope.
Vector biodistribution and IDS expression. Vector genome copy number was quantified as previously described (38, 40) using the following primers and probe: forward primer, 5′-CTTGAGCATCTGACTTCT-GGCTAAT-3′; reverse primer, 5′-GATTTGCCCTCCCATATGTCC-3′; probe, 5′-CCGAGTGAGAGA-CACAAAAAATTCCAACAC-3′. Total RNA was isolated from tissues homogenized in TriPure Isolation Reagent (Roche) using an RNeasy Mini Kit (QIAGEN). After cDNA synthesis (Transcriptor First-Strand cDNA Synthesis Kit, Roche), a specific probe and primers for optimized murine Ids -which do not recognize endogenous Ids -were used to perform quantitative PCR with Light Cycler 480 Probes Master (Roche): forward primer, 5′-AGGACCGTGGACTACAGATAC-3′; reverse primer, 5′-TGGATGTC-GCTGAAGTTGG-3′; probe, 5′-CAGGAACTCGCTGGGGTCGAATC-3′. Values were normalized to the expression of murine Rplp0: forward primer, 5′-TGACATCGTCTTTAAACCCCG-3′; reverse primer, 5′-TGTCTGCCTCCCACAATGAAG-3′; probe, 5′-TGTCTTCCCTGGGCATCACGTC-3′.
Transcriptomic analysis. Total RNA was isolated from mouse encephalon with mirVana (Ambion). After cDNA synthesis, samples were hybridized in GeneChip Mouse Gene 2.1 ST 16 array plates (Affymetrix) by Progenika Biopharma. Sample processing was performed using Affymetrix-recommended protocols and equipment. Data normalization was performed using the Affymetrix Expression Console tool with the robust multiarray averaging method, and log 2 -transformed normalized values were obtained. The analysis was focused on known coding sequences, which, after data filtering, resulted in an initial list of 28,427 genes. For differentially expressed genes, the nominal significance level of each univariate test was set to P ≤ 0.001. For clustering analysis, data were standardized and represented as heatmaps using J-Express Pro (http://jexpress.bioinfo.no/site/). Functional analysis was performed using Genecodis Tool 2.0 (http://genecodis2.dacya.ucm.es/). Array data have been deposited in the ArrayExpress database (https://www.ebi.ac.uk/arrayexpress/; accession code E-MTAB-4728).
Open-field test. Open-field tests were run between 9:00 am and 2:00 pm. Animals were placed in the lower left corner of a brightly lit chamber (41 × 41 × 30 cm) crossed by 2 bundles of photobeams (SedaCom32; Panlab) that detect horizontal and vertical movements. The area was divided into 3 concentric square regions: center (14 × 14 cm), periphery (27 × 27 cm), and border (41 × 41 cm). Exploratory and motor activities were recorded during the first 3 minutes of the test using a video-tracking system (SmartJunior, Panlab).
Statistics. Results are expressed as mean ± SEM. Statistical comparisons were made using 2-tailed Student's t test or 1-way ANOVA. Multiple comparisons were made using Dunnett's post test. P < 0.05 was considered statistically significant. Kaplan-Meier curves were used to estimate survival, and the long-rank test was used for comparisons.
Study approval. All experimental procedures were approved by the Ethics Committee for Animal and Human Experimentation of the Universitat Autònoma de Barcelona.
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